Abstract. Zinc oxide (ZnO) is a unique semiconductor material that exhibits numerous useful properties for dye-sensitized solar cells (DSSCs) and other applications. Various thin-film growth techniques have been used to produce nanowires, nanorods, nanotubes, nanotips, nanosheets, nanobelts and terapods of ZnO.
Introduction
Nanophase ZnO can be synthesized into a variety of morphologies including nanowires, nanorods, tetrapods, nanobelts, nanoflowers, nanoparticles etc. Nanostructures can be obtained from various techniques such as vapour deposition or growth from solution, vapour-phase deposition (hydrothermal synthesis), chemical vapour deposition, metalorganic vapour phase epitaxy, electrodeposition, pulsed laser deposition, sputtering, sol-gel synthesis, spray pyrolysis, etc, at certain conditions, and also with the vapor-liquid-solid method. Rodlike nanostructures of ZnO can be produced via aqueous methods. They are attractive because of relatively low synthesis temperatures (<300°C) and absence of complex vacuum setup. The synthesis is typically carried out at temperatures of about 90°C, in an equimolar aqueous solution of zinc nitrate and hexamine, the later providing the basic environment. Certain additives, such as polyethylene glycol or polyethylenimine, can improve the aspect ratio (i.e., width-height ratio) of the ZnO nanowires (Baxter and Aydil 2005) .Doping of the ZnO nanowires has been achieved by adding other metal nitrates to the growth solution. The morphology of the resulting nanostructures can be tuned by Corresponding author, Lecturer, E-mail: davidtyona@yahoo.com a Professor, E-mail: uzosuji@yahoo.com ; rose.osuji@unn.edu.ng b Senior Lecturer, E-mail: fiezema@yahoo.com; fabian.ezema@unn.edu.ng changing the parameters relating to the precursor composition (such as the zinc concentration and pH) or to the thermal treatment (such as the temperature and heating rate) (Baruah and Dutta 2009) .
Aligned ZnO nanowires on pre-seeded silicon,glass and gallium nitride substrates have been grown in aqueous solutions using aqueous zinc salts such as Zinc nitrate and Zinc acetate in basic environments.
Pre-seeding substrates with ZnO creates sites for homogeneous nucleation of ZnO crystal during the synthesis. Common pre-seeding methods include in-situ thermal decomposition of zinc acetate crystallites, spincoating of ZnO nanoparticles and the use of various physical vapor deposition methods to deposit ZnO thin films. Pre-seeding can be performed in conjunction with top down patterning methods such as electron beamlithography and nanosphere lithography to designate nucleation sites prior to growth (Baruah and Dutta 2009) . Aligned ZnO nanowires can be used in dye-sensitized solar cells and field emission devices.
Dye-sensitized solar cells (DSSCs) have the potential to convert solar power to electricity efficiently and at a low cost, making it promising solar cell architecture for large scale solar energy implementation. There are three main components to a DSSC; (1) a 10 μm thick film of wide band gap semiconductor nanoparticles such as TiO 2 or ZnO nanoparticles, (2) a monolayer of organic dye molecules absorbed onto the semiconductor, and (3) a liquid electrolyte containing the redox couple I-/I 3 -which interpenetrates the dye-coated nanoparticles. When a photon excites the electron in the dye, it is injected into the semiconductor and is carried to the anode and through the load to the cathode where it reduces the I-in the electrolyte. The I 3 -then regenerates the dye thus completing the circuit (Nakamura 2006 , Nattestad et al. 2010 .
In conventional nanoparticle DSSCs, the electrons diffuse to the anode by hopping 103-106 times between particles. With each hop, the electron can recombine with the electrolyte. The diffusion rate and recombination rate are both on the order of milliseconds, allowing recombination to limit the efficiency of the DSSC. However, ZnO nanowire DSSCs provide a direct path to the anode, which increases the diffusion rate without increasing the recombination rate and could therefore increase the efficiency of DSSCs (Nakamura 2006) .
In the solution growth of ZnO nanowires, two types of crystal nucleation compete. Homogenous nucleation produces undesired ZnO particles and heterogeneous nucleation produces nanowires. In the existing procedure, the homogenous nucleation of ZnO particles dominates and depletes the precursor limiting the wire growth. To understand the kinetics and to hypothesize a mechanism that replicates the data, the rate of Zn 2+ depletion was observed with time and various initial concentrations of reagents (Nakamura 2006 , Gao et al. 2011 .
Dye-sensitized solar cells
In the late 1960s it was discovered that illuminated organic dyes can generate electricity at oxide electrodes in electrochemical cells (Gerischer et al. 1968) . In an effort to understand and simulate the primary processes in photosynthesis the phenomenon was studied at the University of Berkeley with chlorophyll extracted from spinach (bio-mimetic or bionic approach) (Tributsch and Calvin 1971) . On the basis of such experiments electric power generation via the dye sensitization solar cell (DSSC) principle was demonstrated and discussed in 1972 (Tributsch1972). The instability of the dye solar cell was identified as a main challenge. Its efficiency could, during the following two decades, be improved by optimizing the porosity of the electrode prepared from fine oxide powder, but the instability remained a problem (Matsumura et al. 1980) . A modern DSSC, is composed of a porous layer of titanium dioxide or Zinc oxide nanoparticles, covered with a molecular dye that absorbs sunlight, like the chlorophyll in green leaves. The dye-loaded titanium dioxide or Zinc oxide (semiconductor) is immersed under an electrolyte solution, above which is a platinum-based catalyst. As in a conventional alkaline battery, an anode (the semiconductor) and a cathode (the platinum) are placed on either side of a liquid conductor (the electrolyte) (Michael 2006) .
Sunlight passes through the transparent electrode into the dye layer where it can excite electrons that then flow into the titanium dioxide. The electrons flow toward the transparent electrode where they are collected for powering a load. After flowing through the external circuit, they are re-introduced into the cell on a metal electrode on the back, flowing into the electrolyte. The electrolyte then transports the electrons back to the dye molecules (American Chemical Society 2006) .
Dye-sensitized solar cells separate the two functions provided by silicon in a traditional cell design. Normally the silicon acts as both the source of photoelectrons, as well as providing the electric field to separate the charges and create a current (Gao et al. 2008 ). In the dye-sensitized solar cell, the bulk of the semiconductor is used solely for charge transport, the photoelectrons are provided from a separate photosensitivedye. Charge separation occurs at the surfaces between the dye, semiconductor and electrolyte (http://lpi.epfl.ch/solarcellE.html 1999).
The dye molecules are quite small (nanometer sized), so in order to capture a reasonable amount of the incoming light the layer of dye molecules needs to be made fairly thick, much thicker than the molecules themselves. To address this problem, a nanomaterial is used as a scaffold to hold large numbers of the dye molecules in a 3-D matrix, increasing the number of molecules for any given surface area of cell. In existing designs, this scaffolding is provided by the semiconductor material, which serves double-duty (Michael 2006) .
Zinc oxide nanostructures for dye-sensitized solar cells
Zinc oxide nanostructures exist in a variety of morphologies including nanowires, nanorods, tetrapods, nanobelts, nanoflowers, nanoparticles etc. Nanostructures can be synthesised from various techniques including vapour deposition or growth from solution, vapour-phase deposition (hydrothermal synthesis), chemical vapour deposition, metalorganic vapour phase epitaxy, electrodeposition, pulsed laser deposition, sputtering, sol-gel synthesis, spray pyrolysis,etc, at certain conditions, and also with the vapor-liquid-solid method. This study will present a highlight of few nanostructures and growth techniques.
Zinc oxide nanowires
Dye-sensitized solar cells (DSSCs) based on a dye-sensitized wide-band-gap nanocrystalline semiconductor (typically TiO 2 ) film have attracted widespread attention as a potential, costeffective alternative to silicon solar cells since they were first introduced by O'Regan and Grätzel in 1991. As one of the key components of dye-sensitized solar cells, the photoelectrode, composed of nanocrystalline semiconductor materials accumulated on a transparent conducting glass, has a very important influence on the photovoltaic performance (Nazeeruddin et al. 2001) . It is well known that the energy conversion efficiency of DSSCs depends on the electron transport in the photoelectrode. Therefore, one-dimensional structures such as rods or wires of semiconductor materials can greatly improve DSSCs efficiency by offering direct electrical pathways for photogenerated electrons, thus enhancing the electron transport in the photoelectrode. Recently, considerable efforts have been devoted to the synthesis of such 1D materials used as the photoelectrodes of DSSCs (Law et al. 2005 , Kang et al. 2008 , Jennings et al. 2008 . Among various emerging 1D nanomaterials, ZnO, a wide-band-gap (3.37 eV) semiconductor with a large exciton binding energy of 60 meV at room temperature, is a promising alternative semiconductor to TiO 2 . This is because the band gap and the energetic position of the valence band maximum and conduction band minimum of ZnO are very close to that of TiO 2 and that the wurtzite structure of ZnO favours the formation of ordered 1D structures, moreover, presenting better electron transport compared to TiO 2 (Law et al. 2005) . Consequently, the solar cell using nanowire arrays as the photoelectrodes shows higher conversion efficiency compared to those using the disorderedly structured ZnO films (Law et al. 2005) . In order to further improve the cell efficiency, the effective approaches currently applied are to control the morphology of ZnO nanostructure films, which can significantly increase dye loading and light harvesting (Gao et al. 2007) and to modify the surface of ZnO nanostructure films that can suppress carrier recombination (Law et al. 2005) . Nakamura (2006) reported the solution growth of nanowires onto silicon substrates at a temperature of 35 o C. The lengths of nanowires were measured and average nanowire lengths were determined as a function of time. Yang et al. (2009) carried out the synthesis of nanowires with high aspect ratio and different thicknesses of ZnO buffer layers by spin-coating method, dipcoating method and hydrothermal method. In their study, carrier recombination in ZnO nanowirebased dye-sensitized solar cells was effectively suppressed and the photovoltaic conversion efficiency enhanced by introducing the TiO 2 buffer layer prepared by sputtering method. They found that the different ZnO seed preparation methods strongly influenced the morphology and density of ZnO nanowire arrays, leading to the different performance of the DSSCs based on the ZnO nanowire films (Du et al. 2006) . Fig. 1 shows the top-view and cross-section of Fieldemission Scanning Electron Microscopy (FESEM) images of two samples prepared with 7.3 mM of Polyethyleneimine (PEI) for 30 hours on the Fluorine-doped tin oxide (FTO) substrates with ZnO seed layers prepared by spin-coating and dip-coating. The mean values of the nanowire dimension, the array density and aspect ratio were estimated from a statistical evaluation of FESEM images and are summarized in Table 1 . Fig. 2 shows the tilt-view of the Scanning Electron Microscopy (SEM) image of ZnO nanowire arrays on the sapphire substrate. This image revealed that the ZnO wires are vertically aligned, the length of nanowire is around 1-2 mm and the diameter is in the range of 70-100 nm. The synthesis and characterization of three-dimensional heterogeneous grapheme nanostructures comprising continuous large-area graphene layers and ZnO nanostructures, fabricated via chemical vapor deposition, are reported by Lin et al. (2010) . Electron microscopy investigation of the three-dimensional heterostructures shows that the morphology of ZnO nanostructures is highly dependent on the growth temperature. The morphology of the large-area graphene layers was identified via SEM as shown in Fig. 3(a) , indicating regions of monolayers and few-layers. Boundary structures of graphene layers enhanced the growth of dense array of ZnO nanostructures, observed as bright regions shown in Fig. 3(b) . The nanowires obtained by chemical and physical vapor deposition have generally good crystalline quality and important length (more often they are in nanobelt morphology) (Peng et al. 2011 ). Fang et al. (2006 successfully synthesized aligned ZnO nanofibers in a dense array form and on a Zn substrate by hydrothermal treatment of Zn foil in an ammonia/alcohol/water mixed solution. Notably, the ZnO nanofibers are ultrathin (3-10 nm) with a length of ≈500 nm. It was reported that this was the first time that uniform, aligned, and ultrathin ZnO nanofibers have been obtained via a hydrothermal method in the absence of catalysts and at a relatively low temperature.
Growth of zinc oxide nanowires
The photoluminescence measurements at room temperature revealed a significantly blue-shift near-band-edge emission at 373 nm (3.32 eV), which was ascribed to quantum confinement arising from the reduced size of the ultrathin ZnO nanofibers. Then, the hydrothermal synthesis of large-scale, ultralong ZnO nanowire and nanobelt arrays with honeycomb-like micropatterns has been realized by simple surface oxidation of zinc foil in aqueous solutions of NaOH and (NH4) 2 S 2 O 8 at 150 o C . This solution approach to fabricate 1D ZnO nanostructures with controlled morphologies and micropatterns can be easily scaled up and potentially extended to the fabrication and assembly of 1D nanostructures of other oxide systems. As shown in Fig.  4(a) , a large scale thin film of long ZnO nanowire (20-50 mm) arrays formed unique micropatterns of honeycomb-like structures typically ranging from 10 to 30 mm in size on the Zn substrate after the Zn foil was immersed in the reaction solution containing 0.48 M NaOH and 0.095 M (NH 4 ) 2 S 2 O 8 and hydrothermally treated at 150 o C for 2 days. An enlarged image of the honeycomb-like structure is shown in Fig. 4(b) , which indicates that these structures were formed when the collapsing ZnO nanowires from opposite directions met to bundle together between two neighboring areas. The diameter of the ZnO nanowires is measured to range from 60 to 200 nm (Fig. 4(c) ) and the electron diffraction (ED) pattern of a single nanowire suggests that each ZnO nanowire is a single crystal oriented along the c-axis (Fig. 4(d) ), similar to the growth direction of the ZnO nanorods obtained at room temperature (Penget al. 2011). Jason and Eraydemonstrated the growth of dense arrays of ZnO nanowires up to 8 microns long with 100 nm diameters by chemical bath deposition to investigate the effect of semiconductor morphology on DSSC performance, Fig. 5(a) . Increasing nanowire length increases photocurrent and efficiency with no reduction in charge collection efficiency up to nanowire aspect ratios of at least 70, Fig. 5(b) . Nanowire DSSCs show higher open circuit voltages than ZnO nanoparticle cells, indicating improved electron transport. Hybrid nanowire-nanoparticle cells exhibit even higher efficiencies by combining the increased light harvesting due to the nanoparticle surface area with faster transport through the nanowires.Furthermore, faster charge transport allows flexibility to choose other redox couples and solid state hole transport materials that will result in more efficient and robust DSSCs (Baxter and Aydil 2005) .
Zinc oxide nanorods
One important limiting factor in the DSSC cell performance is electron transport. During its traversal to the photoelectrode, an electron is estimated to cross 103 to 106 nanoparticles (Brian and Michael 1991) . The disorder structure of the nanoparticles film leads to enhanced scattering of free electrons, thus reducing electron mobility and causing electron recombination especially at the grain boundaries between the nanoparticles (Benkstein et al. 2003) . The replacing of the nanoparticle film with an array of oriented single-cryatalline nanorod offers the potential for improved electron transport leading to higher photoefficiencies. The pathways provided by the nanorods ensure the rapid collection of carriers generated throughout the device as the nanorod provide a direct path from the point of photogeneration to the conducting substrate. This greatly reduces the electron recombination losses of the photogenerated charge-carriers due to the fewer grain boundaries in charge transportation process. Moreover, electron transport in the crystalline rod is expected to be several orders of magnitude faster than percolation through a random polycrystalline network (Michael 2000) . (Baxter and Aydil 2005) by spin coating, and then the substrates were dried and annealed in order to form the nanocrystal seeds on the substrates. Secondly, vertical ZnO nanorod arrays from the nanocrystal seeds were grown by immersing the seeded substrates in precursor solution containing Zn(NO 3 ) 2 and 0.80 M NaOH at 110 o C with different growth time intervals. The crystalline structure of the samples was evaluated by X-ray diffraction (XRD, RIGAKU RINT 2100) and the microstructure of the prepared materials analyzed by scanning electron microscopy (SEM, JEOL JSM-6500FE). The dye-sensitized solar cell was prepared for photovoltaic measurement by soaking the ZnO electrodes in 0.3 mM of ruthenium (II) dye (known as N719, Solaronix) in a t-butanol/acetonitrile (1:1, in vol%) solution. The electrodes were washed with acetonitrile, dried, and immediately used for measuring photovoltaic properties. The electrolyte was composed of 0.6 M dimethylpropylimidazolium iodide, 0.1 M lithium iodide (LiI), 0.05 M iodide (I2), and 0.5 M 4-tert-butylpyridine in acetonitrile. Fig. 6 shows typical SEM images of the ZnO nanorods arrays grown on FTO substrate by this method. The low-magnification images (A, C) show a well-aligned high-density ZnO nanorods growing uniformly in large area on the substrate. From the high magnification image (D), it can be seen that high-density ZnO nanorods with well-defined hexagonal facets were grown vertically on the substrate. The cross-sectional view (B) of nanorods arrays demonstrated that the ZnO grew vertically from the substrate. A typical XRD pattern is shown in Fig. 7 , the intensity of the peak assigned to the (002) plane of wurtzite ZnO was markedly strong and the diffraction peaks of other crystal planes disappeared or very weak revealing that ZnO nanorods were formed through elongation along the c-axis perpendicularly to the substrate. Currently, work has been carried out on nanorod arrays grown on an FTO glass substrate but there is a disadvantage to this structure -the photoelectrode and the Transparent Conducting Oxide (TCO) layer are made of different materials and aheterogeneousinterface exists between them. This interface forms a source for electron scattering. Chen et al. recently demonstrated a novel DSSC design, growing ZnO nanorods on the top of a ZnO film.The ZnO film replaces the FTO layer as the TCO layer. ZnO is a good TCO material because it has an energy gap of Eg = 3.4 eV, hence, is transparent in the visible spectral range. Their structure was grown by a two-step process: a Ga-doped ZnO film was first grown on a substrate, after which ZnO nanorods were grown on top of the film. This structure eliminated the heterojunction between the TCO film and the nanorods. A power conversion efficiency of 0.77% was achieved by Chen et al. (Lai et al. 2011) . A similar work was reported by Tubtimtae et al in which indium-doped ZnO was used as a seed substrate for the growth of ZnO nanorods (Tubtimtae et al. 2012) .
Growth of zinc oxide nanorods
In an earlier work carried out by Lai et al, they fabricated Chen's new-structure DSSCs using a method simpler than Chen's method. Lai, used a one-step method to grow ZnO nanorods and a ZnO film. A power conversion efficiency of 0.73% was achieved. In a recent work they improved on the one-step growth and fabrication of the solar cells. Investigation of the photovolatic properties of the ZnO-nanorod DSSCs showed the new DSSCs to yield efficiencies much higher than those of Chen's and their earlier new-structure ZnO-nanorod DSSCs. There are two notable features in the new DSSC structure: (1) the junction between the TCO film and the nanorods is completely eliminated; (2) the TCO and the photoelectrode are made of the same material, hence, electron conduction and power conversion efficiency are expected to improve (Kang et al. 2008) .
In their recent work (i.e., Lai et al.) , ZnO nanorods and a ZnO film were cogrown by a one-step catalyst-free chemical-vapor-deposition (CVD) method. Single-crystalline c-plane (0001) sapphire substrates were loaded into an alumina boat, which was then placed inside a one-inch quartz tube in a horizontal tube furnace. The substrate was placed 7-11 cm downstream from the Zn source material. The furnace was heated to 870˚C at a heating rate of 12˚C/min and then maintained at the heated temperature for 40 min. Ar and O 2 gases were fed into the quartz tube at flow rates of 16.4 sccm (Ar) and 1.8 sccm (O 2 ). During the first growth stage, a ZnO film grew on the substrate. In the second growth stage, ZnO nanorods were grown on top of the ZnO film. The DSSCs were fabricated by immersing the ZnO nanorods in a 60˚C, 0.5 mM D149 dye (Mitsubishi paper) solution (a mixture of 1mM chenodeoxycholic acid in tert-butyl alcohol and acetonitrile, 1:1 volume ratio) for 8h. They also investigated the performance of the cells sensitized with the commonly used dye-N719 (0.3 mM). An FTO glass with a 150 μm-thick Pt foil attached to it was used as the counter-electrode. The photoanode and the counter-electrode were assembled into a solar cell using a 25μm-thick surlyn spacer. The electrolyte was composed of 0.5M LiI, 0.05M I2, 0.5M 4-tert-butylpyridine, and 0.6M butylmethylimidazolium iodide in acetonitrile and valeronitrile. The electrolyte was injected into the cell through two predrilled holes (size 1 mm) on the counterelectrode. The active area of the cell, limited by the size of the grown sample, was ~ 2 mm×2 mm Lai et al. (2011) . (Lai et al. 2011) .
The X-ray diffraction pattern, shown in figure 9 , reveals that the nanorods are of the wurtzite structure with lattice constants of a = 3.176 Å, c = 5.187 Å.
ZnO nanotubes
Nanotubes differ from nanowires in that they typically have a hollow cavity structure. An array of nanotubes possesses high porosity and may offer a larger surface area than that of nanowires. (Lai et al. 2011) The synthesis of ZnO nanotube arrays can be achieved by using a modified method for the aqueous growth of ZnO nanowires at low temperatures. An overall conversion efficiency of 2.3% has been reported for DSSCs with ZnO nanotube arrays possessing a nanotube diameter of 500nm and a density of 5.4-106 per square centimeter. ZnO nanotube arrays can also be prepared by coating anodic aluminum oxide (AAO) membranes via atomic layer deposition (ALD). However, it yields a relatively low conversion efficiency of 1.6%, primarily due to the modest roughness factor of commercial membranes (Zhang et al. 2009 ).
ZnO nanotips
By using Metalorganic Chemical Vapor Deposition (MOCVD) processing methods, ZnO nanotip arrays with different lengths can be synthesized. The DSSC performance of these nanotips has been investigated in previous studies (Chen et al. 2008) . The results confirmed that the energyconversion efficiency of the cells increased with the length of the ZnO nanotips due to the increase in surface area of the photoelectrode film. An overall conversion efficiency of 0.55% was obtained for 3.2-mm-long ZnO nanotips. It has been reported that ZnO nanotips present a maximum overall conversion efficiency at higher light intensities than in the case of TiO 2 nanoparticles. This implies a nontrap-limited electron transport in the respect that the nanotips provide a faster conduction pathway for electron transport. This feature allows for the use of ZnO nanotips in the fabrication of more stable and efficient DSSCs under high illumination. It has also been demonstrated that the overall conversion efficiency could be increased to 0.77% by combining the ZnO nanotips with a Ga-doped ZnO film as a transparent conducting layer (Zhang et al. 2009 ).
Other nanostructured ZnO films
ZnO nanostructures with other morphologies, such as nanosheets, nanobelts, and nanotetrapods, have also been studied for DSC applications on account of the fact that they also have a large specific surface area. However, for these nanostructures, the specific surface area is not the only factor that determines the photovoltaic efficiency of the DSC. Solar-cell performance Fig. 9 X-ray diffraction pattern of the ZnO nanorods (Lai et al. 2011) is also believed to be significantly affected by the geometrical structure of the photoelectrode films, which provides particular properties in terms of the electron transport and/or light propagation (Zhang et al. 2009 ).
Nanosheets
ZnO nanosheets are quasi-two-dimensional structures that can be fabricated by a rehydrothermal growth process of previously hydrothermally grown ZnO nanoparticles (Suliman et al. 2007) . A film with dispersed ZnO nanosheets ( Fig. 10(a) ) used in a DSC has been shown to possess a relatively low conversion efficiency, 1.55%, possibly due to an insufficient internal surface area. It seems that ZnO nanosheetspheres (Fig. 10(b) ) prepared by hydrothermal treatment using oxalic acid as the capping agent may have a significant enhancement in internal surface area, resulting in a conversion efficiency of up to 2.61% (Akhtar et al. 2008) . As for nanosheet-spheres, the performance of the solar cell is also believed to benefit from a high degree of crystallinity and, therefore, low resistance with regards to electron transport (Zhang et al. 2009 ). Zhang et al. (2009) prepared ZnO films with nanobelt arrays through an electrodeposition method for DSC applications. In fabricating these nanobelts, polyoxyethylene cetylether was added in the electrolyte as a surfactant (i.e., an agent that reduces the surface tension of liquids so that the liquid spread out rather than collecting in droplets). The ZnO nanobelt array obtained shows a highly porous stripe structure (Fig. 10(c) ) with a nanobelt thickness of 5 nm, a typical surface area of 70 m 2 g -1
Nanobelts
, and a photovoltaic efficiency as high as 2.6%. Fig. 10 SEM images of nanostructured ZnO films: (a) dispersed nanosheets, (b) nanosheet-assembled spheres, (c) nanobelt array, (d) a ZnO tetrapod formed in a three-dimensional structure with four arms extending from a common core, (e) networked film with interconnected ZnO tetrapods (Zhang et al. 2009) 
Tetrapods
A ZnO tetrapod possesses a three-dimensional structure consisting of four arms extending from a common core (Fig. 10(d) ). The length of the arms can be adjusted within the range of 1-20 mm, while the diameter can be tuned from 100nm to 2 mm by changing the substrate temperature and oxygen partial pressure during vapor deposition. Multiple-layer deposition can result in tetrapods connected to each other so as to form a porous network with a large specific surface area (Fig.  10(e) ). The films with ZnO tetrapods used in DSCs have achieved overall conversion efficiencies of 1.20-3.27%. It was reported that the internal surface area of tetrapod films could be further increased by incorporating ZnO nanoparticles with these films, leading to significant improvement in the solar-cell performance (Zhang et al. 2009 ).
Conclusions
In summary, the work presents a review of different ZnO nanostructures for DSSCs under different growth methods (seed preparation methods) and their effects in DSSCs. The nanostructures considered here include nanowires, nanorods, nanotubes, nanotips etc. Among various emerging 1D nanomaterials, ZnO, a wide-band-gap (3.37 eV) semiconductor with a large exciton binding energy of 60 meV at room temperature, is a promising alternative semiconductor to TiO 2 in DSSCs technology. It has been revealed that ZnO nanostructures now serve as effective photoelectrode materials for DSSCs to provide direct electrical pathway for photo-generated electrons. Also, Yang et al was able to show that the different ZnO seed preparation methods can strongly influence the morphology and density of ZnO nanostructures. Encouraging progress in the research of nanostructured ZnO materials is being daily accomplished as reviewed in this article.
